Present study investigated the effects of the geometry changes of the waveriders on aerodynamic characteristics by using the numerical simulations. This study introduces the two types of waveriders which have simplified lower surface; one is composed from two planes (Two-flat waverider) and the other is from one plane (Flat waverider). The ideal waverider, which has the ideal lower surface shape, is designed from the conical flow field for the angle of attack of 0 degree and Mach number of 4.0. The numerical simulations for three waveriders each shape are performed in inviscid and viscous cases. The numerical results for ideal waverider show that the rate of decrease of L/D between viscous and inviscid cases is the largest in the three waveriders. Therefore the ideal waverider designed by the inviscid assumption is affected by the viscous effect. The L/D of flat waverider decreases at the positive angle of attack because its drag coefficients increase. The longitudinal stability of three waveriders is not obtained as the center of gravity is placed at 70% of fuselage length.
Introduction
Recently, Two-Stage-to-Orbit (TSTO) is studied by many researchers. TSTO is remarkable, because it is a reusable spacecraft. The first stage of TSTO transports a spaceship to the outer space. This first stage needs a technology of a hypersonic aircraft, however, this hypersonic aircraft has an aerodynamic problem. A conventional aircraft shape like a passenger aircraft cannot obtain a high L/D under the hypersonic condition. According to Kuchemann, the L/D decreases at 4(M+3)/M as Mach number increases at the conventional shape 1) . To solve this aerodynamic problem, the present study uses a waverider shape as the hypersonic aircraft.
The waverider shape can obtain a high L/D under hypersonic flight because it has an attached shock wave at its leading edge and lower surface preserves high pressure. This high pressure of the lower surface is used as a lift force. The waverider shape is researched in the 1950s 2) . This shape is designed from a flow field around a simple object. For example, this flow field is around a cone 3) and an edge 4) . A schematic figure of the design concept of the waverider is shown in Fig. 1 . The design concepts of the waverider are; (1) the upper surface parallel to the free-stream, (2) the lower surface parallel to the flow behind the shock wave, and (3) the sharp leading edge with the attached oblique shock wave 5) . The waverider using theses design concepts is shown in Fig. 2 . In this study, this shape is called an ideal waverider. When the ideal waverider is adapted to TSTO, this shape has some difficulties. The lower surface of the shape has a thin leading edge, and therefore structural and thermal problem occurs.
The present study simplifies the lower surface shape and evaluates the effects on the aerodynamic characteristics. Fig. 1 . Design concept of waverider [5] .
Copyright© 2014 by the Japan Society for Aeronautical and Space Sciences and ISTS. All rights reserved. Figure 3 is the present ideal waverider. This shape is designed from the conical flow field. The half apex angle of this cone is 7.5 degrees. This design condition is the angle of attack of 0 degree and Mach number of 4.0. Full length is set to 277.42 mm. This length is the same as a model that was used in our past wind tunnel tests. The simplified waveriders are created based on the ideal waverider. The lower surface shapes of these simplified waveriders have two planes (Two-flat waverider) or one plane (Flat waverider). The structural and thermal problems are reduced, because thickness of the leading edge increases due to this simplified method. The two-flat waverider is shown in Fig. 4 and the flat waverider is shown in Fig. 5 , respectively. Figure 6 shows the comparison of the base surfaces of all shapes. Table 1 shows the details of the waveriders. Table 2 shows the conditions of the present numerical simulation. In this study, the region behind the base surface is not included in the computational grid of the ideal waverider. Therefore, the base pressure drag of the ideal waverider is extrapolated from that of the two-flat waverider by using the ratio of base surface areas between the two-flat and ideal waveriders. The base surface area of the ideal waverider is about 62.8% of that of the two-flat waverider. In the flat waverider, the base pressure drag of this method agrees well with that of the numerical simulation. Therefore, it is possible that this method can be able to predict the base pressure drag of the ideal waverider. Reynolds number for all cases is 6.7x10 6 based on the body length. These conditions correspond to the flight altitude of 21000 m, flight dynamic pressure of 50kPa and Mach number of 4.0. In this study, the reference area for the aerodynamic coefficients is the projected area from the upper surface of the aircraft. Table 2 . Simulation conditions.
Computational Approach

Simulation conditions
Shape
Ideal Simplified Angle-of-attack -5, -3, 0, 3, 5 
Mach number
Numerical method
The governing equations are the three-dimensional compressible Navier-Stokes equations for viscous simulations. Therefore the present simulations are carried out for inviscid and viscous flows. AUSMDV scheme 6) with the second-order accuracy using MUSCL approach 7) is applied for the inviscid flux and the second-order central difference is used for the viscous flux, respectively. LU-ADI implicit method 8) is used as the time integration. Baldwin-Lomax turbulent model modified by is applied to solve the turbulent boundary layer near the body surface. The wall boundary condition sets the adiabatic and non-slip wall. The computational grid of the ideal waverider is shown in Fig. 7 . The grid topology is O-C type. The area behind the base surface is not included in this computational grid because the ideal waverider has the thin leading edge and the computational grid behind the base surface is difficult to generate with better quality. The number of the grid points is 92(direction of body axis)x121(circumferential direction)x221(radial direction). The computational grid of the simplified waverider is shown in Fig. 8 . The grid topology is O-O type. The numbers of the grid points for the supersonic and subsonic freestream conditions are 107x121x201 and107x121x231, respectively, because the large ambient computational region is required for the subsonic freestream conditions. The grid width in the far-field region increases and the number of total grid points for the subsonic freestream conditions increases 0.3 million points more than that for the supersonic freestream condition. Therefore the number of total grid points for the subsonic simulations does not increase so much in comparison with the grid for the supersonic simulations. 
Results and Discussion
Effects of viscous flow
In this study, the ideal waverider is designed using the conical inviscid flow field. The first result shows the effect of the viscous boundary layer over the waverider by comparing with the results of the inviscid and viscous simulations. The simulation conditions are the angle of attack of 0 degree and Mach number of 4.0, which are the design point of the ideal waverider. Figure 9 shows the comparison of CL among three waveriders. CL of three waverider shows almost same value, thus the effect of viscous flow is small on CL. Figure 10 shows the comparison of CD among three waveriders. CD of the viscous simulation is larger than that of the inviscid simulation, because the skin friction drag force is included in CD. The increments of all shapes in CD are approximately 0.002 and this value is independent of the shape of waveriders. Figure 11 shows the comparison of L/D among three waveriders. L/D of the viscous analysis is smaller than that of the inviscid analysis. The decrement of the ideal waverider is the largest and its value is approximately 2.0, because CL of the ideal waverider is the smallest value. Because the ideal waveriders is designed assuming inviscid flow, its CD is strongly affected by the viscous effects among three waveriders. Therefore, the ideal waverider should be designed including the viscous effects. 
Effects of angle of attack
The comparisons of the aerodynamic characteristics at Mach number of 4.0 for three waveriders are shown Figs.12-19. Figure 12 shows the comparison of CL and CD between CFD and Newtonian law. Because the flat waverider has a flat lower surface, this research uses the standard Newtonian law. CL and CD distributions as a function of the angle of attack are similar feature between CFD and Newtonian law. Figure 15 shows the comparison of CD among three waveriders. CD for the flat waverider is the highest value because the lower surface pressure of the flat waverider is the larger than that of other two shapes. Figure 16 shows the comparison of the components of CD among three waveriders. CDf is the drag coefficient due to the skin friction drag force and CDp is the pressure drag coefficient generated by the shock wave around the waveriders, respectively. In all waveriders, CDf is approximately 0.001 and this value is independent of the angle of attack. Therefore, CD depends on the increments of CDp. Fig. 15 . L/D of the ideal waverider becomes lower than that for the other waveriders at a negative angle of attack. Figure 18 shows the pressure contours at negative angle of attack ( =-5 deg.) on the symmetry plane. For the ideal waverider, the oblique shock wave under the surface becomes weak. Therefore, the lift force is negative and L/D decreases. Cm of all shapes has a positive value at the center of gravity of 70% and these waveriders cannot obtain the static longitudinal stability under the present flight conditions. Therefore, these waveriders require that their center of gravity should be located toward the front of the fuselage. The trim angle is negative for these waveriders and they require a tail to fly with the static longitudinal stability. Figure 23 shows the pressure contour on symmetric plane for the flat waverider at M=1.2. The oblique shock wave is generated in the velocity higher than the sonic speed because the present waveriders have the sweepback angle of 21 degrees from symmetry plane, therefore the occurrence of shock wave is delayed. The difference of L/D among these waveriders is approximately 0.37%. This is because CD of the skin friction drag force for the ideal waverider is strongly affected to show the small difference among three waveriders at the off-design points. 
Conclusions
The aerodynamic characteristics for three waveriders under various freestream conditions are numerically investigated. The conclusions are shown as follows.
(1) The ideal waverider of inviscid design is affected by the viscous effect, therefore, the ideal waverider needs to be designed including the viscous effects.
(2) L/D of the flat waverider is lower than that for the other waveriders at a positive angle of attack because the gradient of L/D for the flat waverider becomes larger than that for the other waveriders.
(3) The present three waveriders cannot obtain the longitudinal static stability at the center of gravity of 70%. Therefore, these waveriders is required that their center of gravity should be located toward the front of the fuselage.
(4) The oblique shock wave occurs at M=1.2 on all waveriders because these waveriders have the sweepback angle of 21 degrees.
(5) L/D for various Mach numbers are not affected by the lower shape of the waveriders, however, L/D for various angles of attack depends on the lower shape of the waveriders.
